Background: Sensory factors are important determinants of appetite and food choices but little is known about the relationship between body weight and sensory capabilities. Objective: To investigate the relationship between measured body weights, misreporting of body weight and sensory capabilities. Design: In a cross-sectional sensory study, body weight was assessed by measured and self-reported body weight in healthy men (n ¼ 130) and women (n ¼ 181). Sensory capabilities were assessed as odour detection and identification, and detection for salty, sweet, sour and bitter taste. Results: Odour detection, odour identification and taste perception scores were lower in subjects with a BMI X28 kg/m 2 than in subjects with a BMI o28 kg/m 2 in the age group o65 years whereas in subjects X65 years scores were higher in subjects with a BMI X28 kg/m 2 than in subjects with a BMI o28 kg/m 2 (BMI * age group: P ¼ 0.015, 0.053 and 0.015, respectively).
Introduction
The increased prevalence of overweight in Western societies has been associated with higher intake of refined sugars and fat (Drewnowski et al., 1982; Drewnowski, 1997; Astrup, 2001; Nasser, 2001; Brand-Miller et al., 2002) . Besides metabolic and lifestyle reasons, a difference in taste and smell perception between obese and normal-weight individuals has been suggested to cause differences in food choice and energy consumption (Drewnowski et al., 1995; Drewnowski, 1997) . Sensory properties of food are important determinants of food choice. As a consequence, sensitivity and preference to basic taste qualities and to various odorants has been studied among obese and normal-weight subjects. Most studies focused on the sensation of sweet among obese and normal-weight individuals. These results, however, failed to show a relationship between recognition thresholds for sweet and body mass index (BMI) (Anderson, 1995) . Other experimental studies and epidemiologic surveys delivered similar results (Grinker et al., 1986) .
Little information, however, is available on the relationship between BMI and the perception of the other taste qualities sour, bitter and salty. As taste is limited to sweet, sour, bitter, salty and umami, the sensory experiences as a whole during food consumption cannot be explained without odour. Olfaction plays a major role in the perception of foods. Poor odour perception in humans can lead to changes in food consumption, diminished food appreciation and poor nutritional status (Cain et al., 1990; Duffy et al., 1995; Griep et al., 1996) . There is, however, little evidence for associations between body weight and odour perception. A recent study showed a higher preference for flavouramplified yoghurt with increasing BMI suggesting a relationship between BMI and odour perception (Griep et al., 2000) . Little information is available about the contribution of age, body weight as well as their interactions to taste and odour perception.
The objective of the present study was to investigate the relationship between body weight, body height, and sensory capabilities, particularly odour and taste sensitivities. A variety of methods has been used to reflect a complete picture of the sensory capabilities. Sensory capabilities were assessed by odour detection and identification tests, perception tests for salty, sweet, sour and bitter taste, texture tests and trigeminal tests. Additionally, we controlled for the extent of misreporting of body weight as a measure of body weight perception, which may confound the relationship between body weight and sensory capabilities.
Subjects and methods

Study design and subjects
This cross-sectional study was part of the HealthSense project (Morrissey et al., 2001) . The evaluation of sensory abilities was conducted at the sensory laboratory of the German Institute of Human Nutrition Potsdam-Rehbruecke, Germany. All subjects were recruited by announcements and, subsequently, telephone interviews. The exclusion criteria were: aged o20 years, inability to leave home due to health problems, unavailability at the session days and hours, undergoing medical treatment, following a vegetarian or weight reducing diet, having food allergies and, participating in previous sensory studies. The study was approved by the Institutional Ethics Committee, University of Potsdam and written informed consent was obtained from all participants.
Volunteers (n ¼ 313) from the Berlin-Brandenburg region (age range from 20 to 88 years) were asked to participate in two sessions. The study design was balanced for age and gender. The subjects were spread into five age groups 20-35, 36-50, 51-60, 61-70 and 470 years, each subgroup consisting of 50-60 volunteers, whereas the gender distribution was 58% women and 42% men. In one session, they performed texture and taste tests and, in another session, they performed trigeminal and odour tests. The two sessions took place in a sensory laboratory with separate sensory booths in March 2001. Each session lasted about 1.5 h. Owing to missing data only 311 subjects were included in the analysis. All sensory data were collected using FIZZ software (Biosystemes, Couternon, France).
Anthropometric measurements
At the first visit in the sensory laboratory, the subjects were asked to report their height and body weight in a standardised questionnaire without prior announcement. Weight and height measurements were conducted during the second visit 1 week later. Height and weight were measured by trained technicians using standard procedures. In brief, body weight was obtained on a calibrated scale, recorded to the nearest 0.1 kg. Subjects stood on the centre of the platform of the scale, with the body weight evenly distributed on both feet. Body weight was measured in the dressed state, but without shoes. Owing to the weather conditions in the test month (March) an estimate of 2 kg for clothes was subtracted from the measured value.
Standing height was measured with an anthropometer to the nearest 0.1 cm as the maximum distance from the floor to the vertex. The vertex is defined as the highest point of the skull when the head is held in the Frankfort plane (a horizontal line between Orbitale and Tragion). The subjects stood erect without shoes with the heels together and arms hanging down in a relaxed posture. BMI was calculated as body mass (kg)/(height (m)) 2 .
Odour detection and identification test
An easy, reusable and portable test kit developed for the evaluation of olfactory capabilities in large-scale crosscultural epidemiologic studies (European Test of Olfactory Capabilities; ETOC) was used (Thomas-Danguin et al., 2001) . The test used 16 series of four vials each. In each series, only one vial contained an odour, which is supposed to be familiar for the majority of the European population, (1) vanilla, (2) clove, (3) apple, (4) eucalyptus, (5) cinnamon, (6) fuel, (7) pine, (8) garlic, (9) grass, (10) aniseed, (11) orange, (12) fish, (13) rose, (14) thyme, (15) lemon and (16) mint. The respondents had to smell the content of the four vials for each series and (1) to indicate which vial had an odour (detection test) and (2) to find which odour it was, amongst four proposed labels (identification test). The subjects earned 1 point each for a correctly detected and identified odour. If the answer for the detection step was wrong, however, the answer for the identification step was systematically considered as wrong. Thus, for each consumer the test delivered one score from 0 to 16 for the detection step and one score from 0 to 16 for the identification step.
Taste test
Four taste qualities (salt, sweet, sour and bitter) were studied with one compound per taste, and each compound was presented at four different concentrations. So, the test consisted of 16 aqueous solutions of sodium chloride (3.2, 10, 32, 100 mmol/l), sucrose (0.0032, 0.01, 0.032, 0.1 mol/l), citric acid (0.63, 1.3, 2.5, 5 mmol/l) and quinine hydrochloride (3.8, 8.3, 18, 40 mmol/l) . For each solution, the respondents had to rinse out the mouth with the whole sample, to evaluate the taste and then to spit out. Each subject was asked first to identify whether a sample was sweet, salty, sour or bitter. For each subject, we obtained one score from 0 to 16 for total identification (sum of the 4 scores from 0 to 4 for each taste) and four intensity ratings for the different taste qualities (Koskinen et al., 2003a, b) . For statistical processing, intensities were converted into 0-100 scores by the FIZZ Software.
Texture tests
The texture test procedure developed by Fillion and Kilcast (2001) consisted of three single tests: letter recognition test (oral stereognosis), particle size discrimination test and chewing efficiency test.
In brief, five icing letters were used in the letter recognition test. The respondent's task was to recognise each letter when placed in the mouth, among 10 proposed letters in a list. According to the difficulty of each letter, found in trials performed by test developers (Fillion and Kilcast, 2001 ), points were allocated for each correct answer and added, so that a score was obtained from 0 to 15 for each consumer. For example, the subjects got only one point for a right identification of letter O but three points for an identified letter A.
The particle size discrimination test was composed of three pairs of powdered sugar of different grades, from coarse to very fine. The task was to recognise the sample with the finer grains within a pair of samples. According to the difficulty of each pair of samples, points were allocated for each correct answer and added, so that we obtained a score from 0 to 6 points for each consumer.
The chewing efficiency was tested with two-colour chewing gums. The chewing gums were folded so that the two colours were on top of each other and the respondents had to chew the first gum 10 times and the second gum 20 times. Then, the degree of mixing of the two colours was evaluated and scored from 0 to 8 according to a chewing gum photo scale. The scale consisted of eight different pictures showing a two-coloured gum chewed for a certain number of chew strokes from low until high mixing of the two colours. The subject's chewing gums were assigned to an appropriate picture on the photo scale.
Trigeminal tests
Trigeminal tests were conducted to assess the individual sensitivity to somatosensory irritations like burning and astringent sensation in mouth using model compounds. Piperine, the pungent substance in black pepper, belongs to a family of capsaicin-like compounds that produce a burning, stinging/pricking, and sometimes painful sensation when placed on the tongue of human subjects (Dessirier et al., 1999) . Oral astringency, produced by a variety of oral chemical stimuli, including tannic acid (Thomas and Lawless, 1995; Lawless et al., 1996) , is a complex group of sensations involving dryness, roughness of oral surfaces and tightening, drawing or puckering sensations of the mucosa and muscles around the mouth (Horne et al., 2002) . Trigeminal sensitivity value was based on the ability to detect a low concentration of the compound from a reference sample. Piperine and tannic acid are relevant for the sensory characteristics of foods and were tested by the consumers in a different test.
As piperine was more irritating in the mouth, it was tested at the end of the sensitivity session, after testing tannic acid and the odour test. For each consumer two scores were obtained from 1 to 5 (where 1 corresponds to the lowest sensitivity and 5 corresponds to the highest one).
Statistical analysis
All data (anthropometric characteristics as well as the results of the sensitivity tests) are shown as mean and s.d. Starting from the age of 65 years the mean BMI of subjects decreased. Therefore, a cut-point at the age of 65 years was chosen to analyse age * body weight interactions. For BMI a cut-point of 28 kg/m 2 was chosen. Reporting of body weight was categorized as under reporting (under reporting 41 kg), no misreporting (reported body weight -measured body weight between À1 and þ 1 kg) and over reporting (over reporting 41 kg). ANOVA was performed with odour detection and identification, taste perception, letter recognition, particle size discrimination and chewing efficiency as dependent variables and BMI group, age group, reporting of body weight and their 2-way interactions as independent variables. For all statistical analyses, SPSS (Version 11, SPSS Inc., Chicago, USA) was used.
Results
General characteristics of study population Anthropometric characteristics of the study population according to age group (o65 years and X65 years) are shown in Table 1 . A BMI X28 kg/m 2 was observed in 28% of all participants, and was more frequent in subjects X65 years (36%) than in subjects o65 years (24%; P ¼ 0.043). A BMI 430 kg/m 2 was observed in 14% of all subjects.
Under reporting of body weight of more than 1 kg was observed in 33% (median: À2.3; interquartile range À4.0 to À1.6), over reporting of more than 1 kg in 24% of subjects (median: 2.1; interquartile range 1.4-3.6). Misreporting was clearly dependent on both measured BMI and age. The difference between self-reported and measured body weight was positive (i.e. over reporting) at lower BMI and became negative (i.e. under reporting) with increasing BMI (r ¼ 0.472, Po0.001). The difference between self-reported and measured body height increased with increasing age (r ¼ 0.392, Po0 Á 001).
Age and gender effects on sensory capabilities Odour and taste test results shown as scores of odour detection, odour identification and taste perception as well as texture test results given as scores of letter recognition, particle size discrimination, chewing efficiency and sensitivity scores to trigeminal stimuli are shown in Figure 1 . Odour detection and identification scores decreased with increasing age (Po0.001), and were lower in males than in females (P ¼ 0.013 and 0.003). Taste perception scores also decreased with increasing age (Po0.003) and were lower in males than in females (P ¼ 0.003). Texture perception assessed as letter recognition test (Po0.001) and chewing efficiency Figure 1 Odour and taste test results shown as scores of odour detection, odour identification, taste perception score as well as texture test results shown as scores of letter recognition, particle size discrimination, and chewing efficiency and sensitivity scores to trigeminal stimuli in subjects o65 years (n ¼ 210) and subjects X65 years (n ¼ 101). All scores except particle size recognition score and sensitivity scores to trigeminal stimuli were higher in subjects o65 years than in subjects X65 years (P between 0.001 and 0.036). Values are mean7s.d. Over-and under reporting are defined as an absolute difference between self-reported and measured body weight 41 kg.
Body weight and sensory capabilities U Simchen et al (Po0.001) decreased with age independent of gender. Particle size discrimination ability was not affected by age or gender. Furthermore, no effect of age and gender on the perception of trigeminal stimuli was observed.
Effects of BMI and misreporting of body weight BMI as well as the difference between self-reported and measured body weight was associated with odour and taste perception as well as chewing efficiency. Significant interactions between (1) age * BMI and (2) age * body weight reporting were observed. As shown in Figure 2 , scores for odour detection, odour identification and taste perception were lower in subjects with a BMI X28 kg/m 2 than in subjects with a BMI o28 kg/m 2 when the age was o65 years, whereas in subjects X65 years scores were higher in subjects with a BMIX28 kg/m 2 than in subjects with a BMIo28 kg/m 2 (BMI * age group: P ¼ 0.015, 0.053 and 0.015, respectively). In both age groups, the odour detection, odour identification and taste perception were highest in the group under reporting their body weight, followed by subjects not misreporting their body weight and lowest in subjects over reporting their body weight (P ¼ 0.008, 0.001 and 0.017). For odour detection and identification, this observation was more pronounced in subjects X65 years than subjects o65 years (age * body weight misreporting: P ¼ 0.053, 0.001), whereas decrease according to body weight misreporting was similar in taste perception (P ¼ 0.883). Differences in taste perception score between over-and under-reporting subjects could be attributed to differences in sour (P ¼ 0.015) and bitter (P ¼ 0.026) perception, but not to differences in salty or sweet perception (Figure 3) .
Perception of trigeminal stimuli assessed as sensitivity score to astringent and burning stimuli were not affected by BMI. No relationship was observed between the perception score of trigeminal stimuli and the extent of body weight misreporting. Letter recognition and particle size discrimination ability were not affected by BMI or the extent of body weight misreporting (data not shown).
In subjects o65 years, chewing efficiency score after 10 times of chewing (data not shown) and after 20 times of chewing was lower in subjects with a BMI X28 kg/m 2 than in subjects with a BMI o28 kg/m 2 , in subjects X65 years chewing efficiency was higher in subjects with a BMI X28 kg/m 2 than in subjects with a BMI o28 kg/m 2 (age * BMI group: P ¼ 0.008).
Discussion
The results of the present study showed a complex relationship between BMI, the extent of misreporting of body weight and sensory capabilities. First, in accordance with other studies (Wysocki and Pelchat, 1993; Bellisle, 2003; Davenport, 2004; Ng et al., 2004) , sensory capabilities decreased markedly with age. Second, a relationship between BMI and sensory capabilities could be demonstrated. Interestingly, this association was additionally influenced by age and showed a different shape among younger adults (o65 years) and elderly subjects. These differences may be ascribed to different mechanisms. Third, misreporting of body weight could be revealed for the first time as an additional factor, which is associated with sensory capabilities. Independent of age, all sensory abilities were higher in subjects under reporting their body weight compared to subjects over reporting their body weight. Figure 2 Odour detection, odour identification and taste perception according to BMI and the reporting of body weight in subjects o65 years (n ¼ 210) and subjects X65 years (n ¼ 101). Values are based on estimated marginal means7s.e.e. of ANOVA models consisting of age group, gender, BMI group, body weight reporting status and their two-way interaction terms. Over-and under reporting are defined as an absolute difference between selfreported and measured body weight 41 kg.
In adults (o65 years), overweight was associated with a lower taste perception ability. A less pronounced, but consistent tendency was observed for odour identification and odour detection. In contrast, among elderly subjects (X65 years) higher relative body weight was associated with a higher ability of odour identification, odour detection and taste perception.
Sensory capabilities are important determinants of food choice. It has been stated that odour is the major component of flavour, and that differences in olfactory function will lead to differences in food preferences (Wysocki and Pelchat, 1993) . Changes in olfactory function have been mainly discussed in relation to the loss of eating enjoyment in elderly people with diminished olfactory capability (Koskinen et al., 2003a, b) . However, there has also been a controversial discussion about gustatory capabilities and, especially, sweet sensitivity and the development or maintenance of overweight. On the one hand, elevated preferences for sweet and high-fat foods have been linked with obesity and weight gain in humans (Drewnowski, 1997; Astrup, 2001 ). On the other hand, some investigators have found either inverse or no relationship between sweet preference and obesity (Grinker, 1978; Malcolm et al., 1980; Drewnowski et al., 1985; Rolls, 1995) .
In the developed world most adults gain weight between the third and the sixth decade of life. After the sixth decade, a moderate weight loss is observed through to the ninth decade of life (Roubenoff, 2000; Wilson and Morley, 2003; Janssen et al., 2004; Roubenoff, 2004) . Although this reduction of body weight is generally observed and independent of any disease process (Roubenoff, 2004) , it may also be inversely related to general well-being. Therefore, we hypothesise that the observed relationship between body weight and sensory capabilities is reflecting higher wellbeing and health status in obese elderly subjects rather than an effect of body weight per se on sensory capabilities. Sensory capabilities may protect individuals against over-as well as under-nutrition and in turn maintain well-being and health status. This implies that the sensory capabilities of the elderly who are underweight and the younger subjects, who are overweight, are perhaps impaired due to a loss of sensitivity.
In the present study, a strong effect of age and gender on olfactory and gustatory abilities was observed. Generally, gustatory and olfactory abilities decreased with increasing age and were higher in females than in males. These findings are in line with earlier studies (Schiffman and Warwick, 1993; Doty, 1994; Koskinen et al., 2003a, b; Mojet et al. , Figure 3 Perception of sweet, sour, bitter and salty taste according to BMI and reporting of body weight in o65 years (n ¼ 210) and X65 years (n ¼ 101) subjects. Differences in taste perception could be observed for sour and bitter taste, whereas no significant differences for BMI and reporting of body weight were found for sweet and salty taste. Values are based on estimated marginal means7s.e.e. of ANOVA models consisting of age group, BMI group, body weight reporting status and their two-way interaction terms. Over-and under reporting are defined as an absolute difference between self-reported and measured body weight 41 kg.
2003)
. Consequently, all analyses of sensory capabilities were adjusted for age and gender effects. Taste thresholds have been shown to increase with age (Ng et al., 2004) . A similar decrease in sensory capabilities is also observed in the present study, but the decrease seems to be less pronounced in obese subjects.
In the present cohort, both genders under reported their body weight and over reported height, resulting in an under reporting of BMI. The misreporting of body weight was positively related to BMI and age in accordance with other studies (Kuczmarski et al., 2001; Farre Rovira et al., 2002) Taste perception was higher in subjects under reporting their body weight compared to subjects over reporting their body weight. In the elderly, over reporting body weight may be interpreted as a lack of awareness of body weight loss during the ageing process. In this case, over reporting body weight may be interpreted as a predictor of higher well-being and health status in the elderly rather than as an independent predictor of sensory capabilities.
In adults o65 years, sensory capabilities were lower in overweight subjects with a BMI 428 kg/m 2 than in normal to slightly overweight subjects. It has been shown by Shigemura et al. (2004) that leptin suppresses response to sweet taste stimuli in mice. Leptin is a hormone regulating body weight homeostasis via hypothalamic functional leptin receptor and is elevated in obese compared to lean subjects (Shigemura et al., 2004) . Another study also suggested a negative relationship between pleasantness ratings for sweet stimuli and obesity (Thompson et al., 1976; Kamphuis and Westerterp-Plantenga, 2003) . However, the associations observed in the present study could not be accounted for by sweet taste response but for by sour and bitter taste. This finding cannot be explained by any mechanism known until now. In the past, research has mainly focussed on sensitivity for sweet taste. Little information is available about the association between body weight and the perception of sour, bitter and salty taste. Studies focussing on the relationship between taste sensitivity to 6-n-propythiouracil (PROP) revealed a negative association between PROP sensitivity and BMI (Tepper, 1999; Tepper and Ullrich, 2002) . In contrast, a positive association between BMI and preference for flavour-amplified yoghurt was observed in another study (Griep et al. (2000) . Our findings of higher sensory capabilities especially for taste perception in adults under reporting their body weight than in adults over reporting their body weight may be related to the phenomenon of restrained eating. Unfortunately, we did not assess any variables of restrained eating. Other investigators, however, showed that restrained eating behaviour may mask a relationship between sensory capabilities and body weight (Tepper and Ullrich, 2002) . In the present study, the higher sensory capabilities observed in subjects under reporting their body weight may also be a consequence of eating restraint, that is, individuals who are less restrained are less preoccupied with their weight because they have functional sensory capabilities.
The present study has several limitations. Owing to the cross-sectional study design, the direction of the association between body weight, reporting of body weight and sensory capabilities remains unclear. What was first? Are low sensory capabilities resulting in high body weight or does overeating as a result of unknown factors result in low sensory capabilities on a long-term? Moreover, we did not investigate a representative sample for the general population and no data on nutrient intake as well as dietary restraint and dieting history of subjects are available. Our participants were recruited just under the prerequisite to be apparently healthy and able to participate in a sensory study. Nevertheless, results are based on a large cohort with a balanced design with regard to the distribution of age, gender and BMI assessing a wide range of highly standardised tests for sensory capabilities. Further investigations are needed to understand the differences in the sensory abilities between lean and obese subjects, to investigate the role of sensory perception in body weight management and to explain mechanisms involved in the control of body weight.
In conclusion, a consistent relationship between BMI, the extent of misreporting of body weight and sensory capabilities was observed which differed between elderly and younger adults. In younger adults overweight was associated with lower taste perception ability, whereas in the elderly group overweight subjects showed higher odour identification, odour detection and taste perception abilities. Sensory capabilities were also higher in subjects under reporting their body weight compared to subjects over reporting their body weight in both age groups.
